Abstract Wheat is one of the main sources of calories and protein of the world's population and therefore the pathogens that cause rust diseases of the crop are a real threat to food security. Besides the continuous evolution of rust pathogens which repeatedly results in overcoming the resistance of commercial varieties throughout the world, plant breeders are also now challenged by the impacts of global climatic changes. Agricultural practices will need to keep pace with the intensification of sustainable food production in order to face the challenge of feeding a world population estimated to reach about nine billion by 2050. Contemporary wheat breeding has increasingly focused on the future, culminating in the emergence of a global partnership for breeding new wheat varieties with resistance to rust pathogens. Plant breeding now employs a wide range of both long-established and frontier technologies aimed at achieving the United Nations Millennium Development Goals of ending hunger and extreme poverty (MDG1), while concurrently promoting environmental sustainability (MDG7) through global partnerships for development (MDG8).
Introduction
Concern with present and future global food security has begun to reemerge in the last few decades because the global population more than doubled between 1961 and 2007, and is projected to increase from 6.8 billion in 2010 to around 9 billion in 2050 (FAO 2010a) . The global number of undernourished people in 2010 has been estimated to be about one billion, an unacceptably high number despite a small decline compared with the number in 2009 (FAO 2010b) . To guarantee global food security for future generations the estimated yearly increase in agricultural productivity needs to be raised from the current 2 % per year to 3 % per year (Von Braun 2010) .
Although the current global investment in agricultural research is increasing, principally in emerging economies such as Brazil, China and India (Butler 2010) , the increase is much slower than during the 'Green Revolution' of the 1970s (Butler and Spencer 2010) . To face the challenge of meeting urgent human needs such as the United Nations Millennium Development Goal of ending hunger and extreme poverty (United Nations 2000) the Food and Agricultural Agency of the United Nations has estimated that the annual investment in the agricultural food production chain in developing countries needs to double to US$83 billion (Nature Editorial 2010). These topics have gained such political importance that food security was widely discussed in the 2008 G8 and 2009 G20 meetings and at the World Economic Forum and G20 meetings in 2010 (Von Braun 2010) . The issue of food price volatility was addressed in 2011 at the first-ever meeting of the G20 Agriculture Ministers with the ultimate objective of improving food security (Ministère de l'Agriculture 2011). Following this meeting, an action plan in this framework was adopted which includes the launch of an International Research Initiative for Wheat Improvement (http:// www.wheatinitiative.org/).
In this paper we discuss the issue of food security focusing on wheat (Triticum aestivum L.) and the threat posed by rust pathogens. We start with descriptive statistical data on grain production and wheat consumption which illustrates the importance of the crop for global food security. Next, we describe how the pathogens causing diseases known as "rusts" can be real threats to food security because they are a constraint to the stability of global grain production. Later, we discuss the potential of combining traditional and modern technologies to breed new high-yielding wheat varieties with stable forms of rust resistance. The role of emerging global multidisciplinary collaborative research programs for achieving sustainable wheat production based on rust-resistant varieties is also discussed.
Wheat production and world food security
In the past 50 years, global food production has increased almost linearly at a mean rate of 32 million metric tonnes per year (Mt y −1 ), rising from 887 Mt y −1 in 1961 to 2.351 Mt y −1 in 2007, of which 80 % was wheat, rice or maize (Tester and Langridge 2010) . Even so, it has been estimated that to meet the projected demand in 2050 there would have to be a mean yearly increase of 44 Mt, 38 % more than the historic mean yearly increase (Tester and Langridge 2010) . Furthermore, it has been estimated that in the next 40 years developing countries will be responsible for 95 % of the increased demand for cereal crops (Rosengrant and Cline 2003) . Food security currently depends on the increased production of three cereals: wheat, with 217 million hectares (M ha) currently planted, rice (Oryza sativa L.) with 159 Mha under cultivation and maize (Zea mays L.) with 161 Mha planted, which are at present the most abundant plants on the planet (FAOSTAT 2012a) . Original data from the and estimated data from the United Nations (2009) show that wheat is a key cereal crop for global food security as it constitutes an important source of calories and the main source of protein in more than 80 countries. In terms of calories, about 30 % of the world population is dependent on wheat and its derivatives as primary sources of dietary energy, wheat being responsible for 13 % to 57 % of calorie intake depending on the country. Furthermore, wheat is the second principal source of calories in highly populated countries such as China and India as well as in 26 other countries, while in a further 16 countries it is the third principal calorie source. In total about 85 % of the global population depends on wheat as a basic calorie source (Table 1) . Regarding protein, wheat is the primary source for more than 60 % of the global population, with its contribution to total dietary protein intake varying from 14 % to 60 % depending on the country. If we also consider the countries where wheat is the secondary and tertiary protein source, the percentage of the world population depending on wheat as a basic protein source rises to 82 % (Table 2) .
During the last five decades, global wheat production has increased from 222 Mt in 1961 to 653 Mt in 2010, which represented 30 % of global grain production (FAOSTAT 2012b) . The European Union, China, India, the United States of America and Russia are the principal wheat producers, with these countries being responsible for 67 % of the projected global wheat production for 2012. Wheat is now the most important cereal in terms of commercialized tonnage, estimated to be 135 Mt in 2012/13, with the major importing countries being projected to be in Asia and Africa (FAO 2012) . It is expected that the demand for wheat in developing countries will continue to increase and will be about 400 Mt in 2015 and about 480 Mt in 2030 (FAO 2002) .
Although estimates indicate that the 2010 wheat harvest was the third greatest so far registered (FAO 2010c), sudden interruptions in supply unsettled the markets and produced economic and social instability. This was highlighted by recent events resulting from the worst drought recorded in at least 50 years in the Black Sea Region (Kolesnikova 2010) , principally Russia, Ukraine and Kazakhstan. This region not only produces roughly 30 % of globally commercialized wheat but satisfies the major part of world wheat demand (MacFarquhar 2010). In August 2010, Russia announced that it had lost about 30 % of its wheat harvest due to elevated temperatures and drought (Kramer 2010) , and imposed export restrictions which extended to the 1st of July, 2011 (Gorst and Blas 2011) . Unfavorable environmental conditions were also responsible for reductions in wheat production in the USA and Canada, as well as in various importing countries, including some in North Africa (FAO 2010d) . According to the FAO, global food prices rose 5 % in August 2010, in the main stimulated by the price of wheat, which was 60 % to 80 % higher in September than in July. This was a factor in disturbances in Mozambique in which demonstrations occurred which were in part due to a 30 % increase in the price of bread. After 2 days of unrest in Maputo, the Mozambique government reversed the increase in the price of bread, but about 10 people had already been killed and 300 wounded. This unfortunate situation evoked the words of Lord John Boyd Orr, first Director General of the FAO and 1949 Nobel Peace Prize Laureate who said that 'you cannot build peace on empty stomachs' (Reynolds and Borlaug 2006a) .
The present situation, where only three crops are responsible for a high proportion of world grain supply and foods, indicates a potential instability in the global strategy for grain production. Not only climatic changes, such as the long drought in Russia, but also epidemic diseases in wheat, rice and maize represent hazards to the global stability of food production. The vulnerability of these crops, especially to foliar diseases, is a consequence of the establishment of environments containing high densities of genetically uniform plants as, according to basic epidemiological principals, both the incidence and severity of disease are proportional to the density of the host (Duveiller et al. 2007; Tilman et al. 2002) .
Wheat rusts: an ever-present threat to food security There are three types of wheat rust, stem rust (Puccinia graminis f. sp. tritici), leaf rust (Puccinia triticina) and stripe or yellow rust (Puccinia striiformis f. sp. tritici), all of which are highly specialized biotrophic plant pathogenic fungi belonging to the Basidiomycota (Figs. 1, 2 and 3) . Isolates of these pathogens can differentially infect wheat genotypes carrying specific resistance genes which characterize them as physiological races, as first noted for P. graminis f. sp. tritici by Stakman and Piemeisel (1917) . (2011) b Estimated based on original data from the United Nations (2009) Rusts are by far the most damaging diseases of cereals and, ever since antiquity, have had a great impact on human civilizations. The damage caused by the cereal rusts were well-document by Greek and Egyptian writers centuries before the birth of Christ (Carefoot and Sprott 1967) . Further evidence comes from archeological artifacts, such as a storage jar dated to the Late Bronze Age (circa 1,300 BC) found in Israel containing plant fragments contaminated with charred, but well preserved, spores and hyphae of the wheat stem rust fungus (Kislev 1982) . Estimation of losses in yield caused by wheat rusts began only in the twentieth century due to a better understanding of disease biology and the increasing need to assess financial investment in control programs (McIntosh et al. 1995) . Since then, yield losses and the economic impact of wheat rusts has been comprehensively assessed and shown, in the worst cases, to have resulted in losses measured in the millions in regard to both tonnage and monetary value measured in US dollars (Table 3) .
Rust populations are generally very diverse in relation to the combinations and complexity of virulences (Kolmer and Liu 2000) , even at locations where sexual recombination is not observed (German et al. 2007 (German et al. , 2009 Hovmøller and Justesen 2007) . Such populations are essentially clones originating from dikaryotic uredospores and can evolve very quickly, probably due to mutations, co-adaptations and somatic recombination which can bring critical selective advantages to dikaryotic basidiomycetes (Clark and Anderson 2004) . Furthermore, rust populations readily disseminate over great distances, moving thousands of kilometers over oceans and continents to reach regions very far away (2011) b Estimated based on original data from the United Nations (2009) from the location in which they were first detected (Brown and Hovmøller 2002; Kolmer 2005) .
The genetic plasticity, constant evolution and easy dispersion of rust populations are global reasons for concern in wheat genetic improvement programs. During the last decades, there were some well-documented examples in which new or highly aggressive races of wheat rusts emerged and spread rapidly on a continental scale. For P. striiformis f. sp. tritici there were three independent events in North America, Australia and Africa/South Asia. Another recent event was the detection of a race of P. graminis f. sp. tritici in East Africa, which overcame the resistance conferred on wheat by the Sr31 gene which is present in a large proportion of wheat grown throughout the world (Expert Panel 2005; Fig. 4 ). Since its detection in 1999 (Pretorius et al. 2000) , race Ug99 has been confirmed in another eight countries in Africa and Asia (Hodson 2010) . Another 26 countries are in areas of risk, and among them are some of the largest wheat producers such as Australia, India and Pakistan (Stokstad 2007; The Economist 2010) . During its migratory pathway, in addition to originally overcoming various resistance genes present in global wheat cultivars (Wanyera et al. 2006 ) race Ug99 accumulated virulence to the widely-used genes Sr24 , and Sr36 (Jin et al. 2009 ), and thus further increased the vulnerability of the global wheat crop. The variants so far detected are now called 'races of the Ug99 lineage'. Even though there is a global alert regarding the risk of dissemination of Ug99 races, until 2010 Kenya was the only country that had suffered significant losses (Hodson 2010) , which reached 25 % of the wheat harvest in 2007 because of epidemics on four-fifths of all wheat-producing farms (BGRI 2010; The Economist 2010) .
Due to the emergence of race Ug99 and the effects of the epidemics caused by this organism some analysts have Fig. 1 Wheat stem rust caused by Puccinia graminis f. sp. tritici: a Severely infected leaves of a susceptible wheat genotype at seedling stage, b Photomicrograph of a pustule corresponding to the infection type 4, the most susceptible reaction of wheat stem rust (Leica MZ-12 10× magnification), c and d Photomicrograph of stem rust pustules on wheat leaves exposing urediniospores through ruptured epidermis (Leica MZ-12 80× and 100× magnification, respectively). All images by M. S. Chaves considered this race to be the 'polio of agriculture', in other words, a devastating disease which has almost been forgotten (The Economist 2010). Inevitably, the effects of race Ug99 on the global wheat crop have been compared with plant disease episodes of great impact in the past, such as the nineteenth century potato famine in Ireland, caused by the late blight organism, Phytophthora infestans, and the great Bengal rice famine of 1942-43 associated with a devastating epidemic of brown spot caused by the fungus, Bipolaris oryzae (Flood 2010) . Currently, the migration of race Ug99 to other regions of the world is recognized as a real risk to global food security. It has been projected that just in the region of greatest risk (Africa, the Middle East and South Asia), depending on whether the scenario is a 10 % or 20 % loss of production, wheat losses may reach from 8.5 Mt to 59.6 Mt, representing monetary losses of between 1.1 billion and 8.3 billion US dollars (Hodson et al. 2005) . This would affect the estimated 1 billion people living within these wheat-producing areas, representing about 25 % of the global area planted with wheat and about 19 % of global wheat production (Reynolds and Borlaug 2006b) . It should be noted that these estimates were made without accounting for random, long-distance and accidental transfer of rusts, so the potential global wheat losses could be higher. Schmidhuber and Tubiello (2007) analyzed the potential impact of climate change on food security. They concluded that such changes could affect all four dimensions of food security: food availability, that is the capacity of the global agricultural system to satisfy the demand for food; food stability, which refers to continuous availability of sufficient food for an adequate diet; access to food, which covers key elements of entitlement such as consumer purchasing power; and food usage, covering all aspects of food quality and safety, including sanitary conditions throughout the food chain. Following their line of thought it can be inferred that the potential impacts of wheat rust epidemics also represent a threat to all four dimensions of food security.
Breeding rust-resistant wheat varieties
Financial inputs into agricultural research and development are among the most effective investments for promoting growth and reducing poverty. From 1990 to 2002, for example, the annual global gains attributed to the wheat breeding program of CIMMYT have been estimated to be about US$ 304 million in 2002 dollar value, with a benefit-cost ratio of around 50:1 (Nalley and Barkley 2007) . Enhanced disease resistance is one of the most important traits of modern wheat varieties, permitting a reduction in the use of pesticides and promoting greater stability of yields (Byerlee 1996) . During the last few decades the impact of improvements in genetic resistance of wheat to rusts has generated a large proportion of the return on global economic investment in international wheat research (Byerlee and Traxler 1995; Reynolds and Borlaug 2006a) . For example, from 1970 to 1990 the incorporation of non-specific resistance to races of wheat leaf rust into modern bread wheat cultivars has been estimated, on the most pessimistic scenario, to have generated at least US$ 17 million gross in 1994 dollar value (Smale et al. 1998) . The International Maize and Wheat Improvement Center (CIMMYT) has estimated that from 1967 to 2007 their internal rate of return on research investment into leaf rust resistance in spring wheat breeding has been 41 %. Considering a discounted interest rate of 5 %, this equates to a net value of US$ 5.36 billion (1990 dollar value) and a benefit-cost ratio of 27:1 (Marasas et al. 2003) . In addition, non-specific resistance to wheat rusts has proved to be durable for long periods (Johnson 1984; Ribeiro do Vale et al. 2001) , which is highly relevant to newly-developing countries where cultivar substitution is generally not rapid (Trethowan et al. 2005) .
Despite the undeniable success in wheat breeding over the past century, plant breeders still face new challenges such as the impact of global climatic change, continuous pathogen evolution and, to some extent, the narrowing of available genetic diversity within elite germplasm. Wheat breeding for disease control will only be complete if it covers all aspects of the existing and potential global pathogen variability, including pathogen epidemiology, resistance discovery and genetic characterization, germplasm development and the fixation of resistance in wheat varieties which show high yields and quality along with satisfactory adaptability for adoption in agriculture (McIntosh and Pretorius 2011 ). Under the current scenario, plant breeding is undergoing changes towards a broader and deeper multidisciplinary collaborative effort in global research programs (Ortiz et al. 2007 ). This emerging plant breeding approach will employ a wide range of long-established and frontier technologies to produce valuable solutions to the urgent needs of humanity, thus contributing to the achievement of MDG1, MDG7 and MDG8 (United Nations 2000). The Global Rust Initiative (www.globalrust.org) was launched in 2005 as an outcome of the 2005 Expert Panel report (Expert Panel 2005) of race Ug99 in Kenya and Ethiopia and the potential for impact in neighboring regions and beyond. This landmark program was later renamed as the Borlaug Global Rust Initiative (BGRI) in honor to its founder, the 1970 Nobel Peace Prize Laureate Norman Borlaug. The initiative has the principal objectives of systematically reducing global vulnerability to wheat stem, yellow and leaf rusts and of advocating and facilitating the development of a sustainable international system to contain the threat of wheat rusts and continue the enhancements in productivity required to withstand future global threats to wheat production. Wheat genotypes combining high resistance and high potential productivity have been identified, although rigorous field-testing is still needed to determine the adaptation of these genotypes to areas of risk (Duveiller et al. 2007; Singh et al. 2008) .
It has been affirmed that during this critical point in human development "…the policy decisions we make and the science we choose to carry out over the next few decades will determine whether all the people living in the world have access to adequate food…" (Godfray et al. 2010a) . With respect to science, substantial advances can be achieved by the combined application of existing technologies (Godfray et al. (2010b) , of which genetics seems to be the most promising. This is because, historically, it has been largely responsible for increased food production and continues to be the principal tool for increasing productivity by creating new varieties based upon marker assisted selection, genetic engineering or classic crop improvement methods (Butler 2010) . Research into resistance to pests and diseases is also a very important and highly promising existing genetic-based technology, as it may lead to a reduction in the large number of health problems accruing to pesticide use in developing countries (Butler 2010) . Concomitant with increases in plant resistance and productivity, there will be environmental gains due to the more rational use of land and natural resources along with the preservation of soil integrity and biodiversity (Reynolds and Borlaug 2006a) .
Many traditional and cutting-edge tools are immediately available to help researchers breed new, high-yielding wheat varieties with stable forms of rust resistance. In the following sections we discuss how some of the most promising of these tools can be used in an integrated manner within the context of the emerging global breeding system to improve stability of wheat production by reducing rust pressure.
Present technologies for generating future wheat varieties

Shuttle breeding
The "shuttle breeding" strategy was created in 1945 by Norman Borlaug, the future 1970 Nobel Peace Laureate, and involves continuously developing improved wheat plants by planting seeds in different Mexican environments using two experiment stations. One is the "Norman E. Borlaug Experiment Station" (Formerly, "The Yaqui Valley Experiment Station", renamed since 25 March 2010), located in a dry sea level site at Obregón City (Ciudad Obregón) in northwest Mexico, while the other is "Toluca", a cool highland experiment station located near Mexico City. As climatic and plant disease conditions differ radically between the two sites, which are 10°apart in latitude and 2,600 m in altitude, wheat lines which prove to be outstanding at both sites are automatically adapted to a variety of environments. The shuttle breeding method, which involves using locations contrasting in regard to latitude, altitude and rainfall, has proved to be a most efficient way to introduce and select genes for photoperiod insensitivity . A further advantage of this approach is that by shuttling seeds between the two sites it is possible to have two growing seasons and hence produce two generations per year, thus halving the time required to develop a new variety. Shuttle breeding remains an important approach, especially in the early stages of breeding, and should be complemented by selection of specific lines in target areas (CIMMYT 2005) . A shuttle breeding scheme has been established between the Mexican field stations at Ciudad Obregón during the winter, and Toluca or El Batan during summer. Also a Kenyan station at Njoro was started in 2006 to generate modern semi-dwarf wheat plants carrying adult plant resistance (APR) to rusts. Two crop seasons per year in both Mexico and Kenya halve the number of years required to generate and test advanced breeding lines ).
Surveillance of wheat rust pathogens
Epidemiological studies and the creation of resistant wheat varieties have been greatly facilitated by the systematic (German et al. 2007) and Northwest Europe (Hovmøller and Justesen 2007) . Virulence evolves so rapidly in wheat rust races that the host race-specific resistance genes generally exploited in plant breeding are usually overcome within five years of introducing a resistant cultivar (Singh and Huerta-Spino 2001) . Information on the incidence and geographic and temporal distribution of wheat rust races, along with the occurrence of new races and the effectiveness of resistance genes, is fundamental in formulating and adopting appropriate national and international policies, investments and strategies in plant protection, plant breeding, seed production systems and rust pathogen research ).
Since there can be inconsistency between the differential genotypes or in the race nomenclature systems used by laboratories around the world, DNA markers such as simple sequence repeats (SSRs) and amplified fragment length polymorphism (AFLP) are very useful in confirming the genetic relatedness of rust isolates as well as for achieving insights on migration paths and gene flow in populations of rust pathogens (Duan et al. 2003; Szabo and Kolmer 2007; Visser et al. 2009 Visser et al. , 2011 Park et al. 2011 ). Due to the events concerning the emergence and spread of the highly virulent wheat stem rust race Ug99 (Pretorius et al. 2000) a Global Cereal Rust Monitoring System (GCRMS) has been established as part of the Borlaug Global Rust Initiative (BGRI). Technology based on Geographic Information Systems (GIS) has been used as the backbone of the GCRMS, with an increasing amount of standardized geo-referenced field survey data, the routine use of wind models and web-based visualization tools delivering information in near real-time being incorporated into the system (Hodson et al. 2009a) . Although the priority focus is Ug99, data on other cereal rusts can also be included. The global status of cereal rusts can be freely tracked using the networked Google Earth application Rustmapper (http://apps.cimmyt.org/gis/rustmapper/index.htm) developed by CIMMYT ). Other tools, including a pathotype tracker and smart PDF maps, have been incorporated and regularly updated situation reports are now routinely included in the system. Since April 2010, all available information can be accessed in three UN languages (Arabic, English, and Russian) via the "Rust SPORE" web portal at http://www.fao.org/agriculture/ crops/rust/stem/en/ (Hodson 2011) .
A further important advance in unifying and intensifying wheat rust surveillance and training was the establishment of a Global Rust Reference Center (GRRC) as proposed by the International Center for Agricultural Research in Dry Areas (ICARDA), the International Maize and Wheat Improvement Center (CIMMYT) and Aarhus University (Denmark) (Hovmøller et al. 2010 ). The GRRC quarantine greenhouse and laboratory facilities are ready at any time to receive live samples of wheat rusts from any country for race diagnosis in a secure environment (http://wheatrust.org/).
Marker-assisted selection
Marker-assisted selection (MAS) provides opportunities for enhancing selection because molecular markers allow the identification of desirable recessive alleles, or multiple alleles related to a single trait, when the alleles do not individually exert detectable effects on the expression of the trait. They can also provide a significant advantage in identifying traits that can only be screened in certain seasons or geographical locations and to identify traits with low heritability. In addition, the early detection of individual plants carrying target genes improves selection efficiency (Suenaga et al. 2003; William et al. 2007 ). Specific polymerase chain reaction (PCR) markers have already been developed for twenty-nine Lr leaf rust genes, ten Sr stem rust genes and four Yr stripe rust genes. Some of these markers are associated with the gene Lr34, which confers durable APR to leaf rust, (Lagudah et al. 2006 ) and the Sr2-complex conferring durable APR to stem rust (McNeil et al. 2008; Hayden et al. 2004; Spielmeyer et al. 2003) . Markers are also known for the seedling resistance gene SrCad (Hiebert et al. 2011) , which confers high levels of resistance to stem rust when combined with the leaf rust resistance gene Lr34 and SrWeb (Hiebert et al. 2010) , both of these genes being effective against race Ug99 and its variants. Examples in which MAS has been successfully applied to practical breeding are the wheat rust resistance genes Lr34 and Yr36 (Miedaner and Korzun 2012) .
Haplodiploidization
The production of in vitro haploid plants via haplodiploidization is among the technologies which are of particular interest to plant breeders, as this technology allows them to develop completely homozygous true-breeding lines in just one generation. This is important, because in traditional breeding programs the development of true-breeding lines requires several backcrossing and self-pollination cycles. Doubled-haploid techniques not only reduce the time required to develop a new variety by about 3 to 4 years (Barnabás et al. 2001 ) but also increases many-fold the selection efficiency of crop breeding (Choo et al. 1985) . In wheat rust research, double-haploids have been particularly important for the development of mapping populations used to identify markers closely associated with quantitative trait loci conferring durable resistance to stem, leaf and stripe rust (Suenaga et al. 2003; Brammer et al. 2004; Moldenhauer et al. 2008; Chu et al. 2008 Chu et al. , 2009 Lan et al. 2010; Mago et al. 2011; Prins et al. 2011) . Faced with the disturbing outbreaks of stem rust in Africa and neighboring regions, double-haploid wheat populations have also been increasingly used as a tool for the genetic analyses, mapping and stacking of seedling and adult plant resistance genes such as Sr2, effective against race Ug99, (McNeil et al. 2008 ) and Sr26 and SrR (Mago et al. 2011 ) plus the gene temporarily designated SrCad (Hiebert et al. 2011) . Characterization of parental genotypes and the monitoring of auto-fecundation of F 1 plants using wheat gliadin analysis can be employed to minimize segregation distortions (Scagliusi et al. 2010 ).
Wheat relatives
Wheat improvement also depends on a continued supply of genetic variability; however, cultivated wheats have been found to exhibit only limited intraspecific variability (Smale 1996) . Wild relatives of cultivated wheat are valuable for breeding programs because they can be used to increase the gene pool, which is of particular relevance to breeding rust resistant genotypes as most of the species in the tribe Triticeae carry wheat leaf rust resistance genes (Skovmand et al. 2002; Jones et al. 1995; Stepién et al. 2003; Zaharieva et al. 2001) . Many leaf rust and stem rust resistance genes have been introgressed into cultivated wheat from Thinopyrum ponticum (syn. Agropyron elongatum: commonly known as tall wheatgrass, rush wheatgrass or Eurasian quackgrass) and Thinopyrum intermedium (syn.
Agropyron intermedium: intermediate wheatgrass, pubescent wheatgrass or wild triga) (McIntosh et al. 1995 ). Tausch's goatgrass (Aegilops tauschii) has been used as a donor of resistance genes which provide wheat with both race-specific and race-nonspecific resistance to wheat leaf rust (Cox et al. 1994; Dyck and Kerber 1970; Kerber 1987; Rowland and Kerber 1974) .
Many of the rust resistance genes introgressed from wheat relatives have already been overcome by the pathogen. However, as the majority of the major genes currently effective against race Ug99 have been derived from relatives of Triticum aestivum (common, or bread, wheat) and Triticum durum (durum wheat), the search for new resistance mechanisms within these gene pools is one of the goals targeted by current research. Preliminary experiments at the Cereal Disease Laboratory of the Agricultural Research Service of the United Stated Department of Agriculture (ARS-USDA) have shown that resistance to Ug99 in Aegilops speltoides, Triticum timopheevi and Aegilops sharonensis is common, with many accessions exhibiting near-immune reactions (DRRW 2012) . Recently, previously uncharacterized resistance genes effective against race Ug99 have been identified in accessions of Triticum monococcum and Triticum urartu (Rouse and Jin 2011) . Since T. urartu is the A-genome progenitor of the modern allohexaploid wheat T. aestivum, and T. monococcum is closely related to T. urartu, introgressions from these species to allohexaploid wheat can be made with relative ease (Kerber and Dyck 1973) .
Histopathology
Histological studies regarding interactions between plants and rusts can help to distinguish diverse resistance mechanisms and combine them in one genotype in an attempt to increase the durability of resistance (Rubiales and Niks 2000) . Detailed analyses of plant germplasm may result in the discovery of alternative plant defense mechanisms unrelated to hypersensitivity and which might be more durable (Niks and Rubiales 2002) . Correctly interpreted cytological data can provide important information regarding resistance and the most promising processes to investigate biochemically and physiologically (Heath 1981) . High-resolution light microscopy and electron microscopy are useful tools for examining microphenotypes associated with resistance in plant pathogen interactions. Such studies have the potential to detect connections between genetic control and the phenotypic expression of resistance, as shown for the spring wheat cultivar Kariega, which possesses complete adult plant resistance to stripe rust. (Moldenhauer et al. 2008) . Characterization of the biochemical and physiological metabolic processes involved in plant defense reactions to wheat rusts can provide useful data for studies on the identification and characterization of differentially expressed genes in susceptible and partially resistant plant genotypes (Melichar et al. 2008; Ma and Shang 2009) . The combined use of techniques such as histopathology, transcriptome and proteome analyses allied to the double-haploid technique in producing mapping populations may allow optimization of the identification of genetic sequences which are, de facto, involved in plant defense reactions. Data from studies using combinations of these techniques may lead to the identification of highly efficient markers closely associated with the target quantitative loci.
Transcriptome analysis
Transcriptome analysis is the study of changes in host and pathogen gene expression during compatible and incompatible interactions. An understanding of such interactions can be of great value for implementing efficient pathogen control measures if the fundamental knowledge gained in such studies is translated into durable disease control mechanisms, and while this is often the most difficult challenge, recent reports have shown that this goal can be achieved (Talbot 2003) . The importance of identifying plant defense genes has been reinforced by recent findings, including the fact that many genes activated in response to biotic stress are also activated in response to abiotic stress (Glombitza et al. 2004 ) and the discovery that the expression of defense genes in resistant plants is faster and more intense than in susceptible plants (Martinez de Ilarduya et al. 2003; Li et al. 2006) . These findings suggest that probably the specificity of the response lies in the genes first activated during plant-pathogen interaction (Lu et al. 2005) .
Concerning the wheat rusts P. triticina and P. striiformis f. sp. tritici, many studies have been undertaken to assess the changes in host gene expression for both race-specific resistance (Danna et al. 2002; Fofana et al. 2007; Mallard et al. 2008; Coram et al. 2008b; Wang et al. 2010; Yu et al. 2010 ) and race non-specific resistance (Mallard et al. 2008; Liu et al. 2008; Bolton et al. 2008; Coram et al. 2008a ) as well as non-host resistance (Neu et al. 2003) . Some studies have also been made to identify genes presumed to be important in the parasitism of P. triticina (Thara et al. 2003; Hu et al. 2007 ) and P. striiformis f. sp. tritici (Zhang et al. 2008; Yin et al. 2009 ). The assessment of the quantity of rust biomass inside infected wheat leaves at different times has also been helpful in tracing the transcriptional changes in host tissues expressing different types of leaf and stripe rust reactions for Lr34-mediated APR (Bolton et al. 2008 ) and Yr39-mediated high-temperature adult-plant (HTAP) resistance (Coram et al. 2008a ).
Proteome analysis
The successful identification of gene interactions involving signal cascades depends on the integration of knowledge from genomics, transcriptomics and proteomics. Proteomics is the best tool available for the identification of proteins and post-translational modifications (PTMs) in protein structure which may give an indication of the final function of a protein (Rossignol et al. 2006) . Since PTMs cannot be detected using nucleic acid-based approaches, proteomics can be a valuable tool not only for achieving a more comprehensive understanding of the molecular basis of plant-pathogen interactions but also for elucidating the role of some key metabolic processes, especially phosphorylation, in the defense reaction puzzle (Rampitsch et al. 2006) .
Proteomics has been useful in detecting major PTM changes, mainly due to rust proteins, on the sixth day of infection in a compatible interaction between the wheat leaf rust fungus and its host (Rampitsch et al. 2006) . This approach has also been used to identify a putative transporter protein, LR34, conferring durable resistance to multiple fungal wheat pathogens ). It has also been shown that the barley (Hordeum vulgare L.) gene Rpg1 encodes a protein which has conferred durable resistance against many P. graminis f. sp. tritici races for over 60 years, this protein being rapidly phosphorylated in response to avirulent, but not virulent rust fungus spores, and that phosphorylation is required for disease resistance (Nirmala et al. 2010 ). An investigation of more than 260 haustorial proteins extracted from wheat leaf tissue infected with the leaf rust P. triticina detected many ribosomal structural proteins as well as many proteins involved in transport, energy production and general metabolism, it being interesting to note that 16 of these proteins corresponded to peptides from the stem rust P. graminis f. sp. tritici (Song et al. 2011) .
The unequivocal identification of important peptides is the principal limiting factor inhibiting proteomics from attaining its full potential as a research tool for investigating pathosystems such the wheat leaf rust system (Rampitsch et al. 2006) . For plant-pathogen interactions in general, better knowledge of the complete genomic system of both the host and the pathogen are needed for these challenges to be overcome. However, over the last few years there have been significant advances regarding the interactions between wheat varieties and rust pathogens, as will be discussed in the next section on genome sequencing.
Genome sequencing
Genomics can offer innovative tools for understanding the molecular basis of phenotypic variation, accelerating gene cloning and marker-assisted selection, and for improving the efficiency of exploiting genetic diversity (Eversole 2012) . The International Wheat Genome Sequencing Consortium (IWGSC) was launched in 2005 with the overall aim of producing significant results for wheat breeders and the wheat industry at large, in parallel with continued advances in basic research on the wheat genome such as sequencing the hexaploid wheat genome (Feuillet and Eversole 2007; Moolhuijzen et al. 2007 ). Gaining enhanced knowledge regarding the structure and function of the wheat genome and the biology of agronomically important traits through the deployment of advanced molecular tools are two of the IWGSC Consortium goals (IWGSC 2012) . The IWGSC Consortium is also committed to ensuring the open use of the information generated so that breeders may have access to a complete and ordered gene catalogue and an almost unlimited number of molecular markers that can be used for marker-assisted selection and precision breeding approaches (Eversole 2012) . The significant progress made since the initiative was launched has recently been reported (Eversole 2012) , with current information on the various component projects and associated data being available at http:// www.wheatgenome.org. In addition, the IWGSC sequence repository has been established and can be accessed at http:// urgi.versailles.inra.fr/Species/Wheat/Sequence-Repository.
Regarding the pathogen, it is important to understand the factors related to pathogenicity, virulence and of their evolution, such knowledge being critical to shorten the overall time needed to ascertain the molecular genetic information necessary for functional and translational studies (Cantu et al. 2011 ). Significant advances have been made in the sequencing of rust genomes. The genome sequence of the wheat stem rust, P. graminis f. sp. tritici, and of stripe rust P. striiformis have recently been published (Duplessis et al. 2011; Cantu et al. 2011) , and the genome of the wheat leaf rust P. triticina is currently being fully sequenced and annotated http://www.broadinstitute.org/annotation/genome/ puccinia_group/Info.html. Decoding the genomic information of the entire sequenced host and pathogen genomes may provide key information as to how interactions between these organisms take place. Such pooled information may then be used in a rational and directed manner by geneticists and plant breeders for obtaining rust resistance.
Concluding remarks
Food availability has increased over the past 50 years, especially due to the development of technological innovation and the economic forces prevailing during this period (Tilman et al. 2002) . Modern wheat varieties and the benefits resulting from their adoption have played key roles in this process by promoting significant contributions to the sustainability of agricultural systems (Byerlee 1996 ). An enhanced level of disease resistance, particularly to rusts, and the maintenance of this resistance in new improved wheat varieties are among the most important scientific advances in modern wheat breeding, and have resulted in reduced pesticide use and improved yield stability (Byerlee and Moya 1993; Dixon et al. 2006) .
It has been suggested that the next 50 years are expected to be the final period of rapidly expanding global human environmental impact, which may, without intervention, result in irreversible changes to the biosphere due to agricultural practices. To assure equitable, secure, sufficient and stable flows of food and ecosystem services for the predicted nine billion world population it is a necessity that humanity developes methods for sustainable food production (Tilman et al. 2002) .
Contemporary wheat breeding has increasingly become focused on the future and represents a prime example of the traditional system of international collaboration which has proved to be extremely productive in the past. In the future, a wide range of longestablished and frontier technologies will invigorate research and produce valuable solutions to the urgent need for sustaining food production. Furthermore, such research will encompass at least three of the eight UN Millennium Development Goals, of ending hunger and extreme poverty (MDG1) while concurrently promoting environmental sustainability (MDG7) through a global partnership for development (MDG8). This scenario suggests that there is every reason to be optimistic about the future and for expecting that the development and adoption of new generations of modern wheat varieties will continue to be essential for promoting both increased food production and the sustainability of agroecosystems (Byerlee 1996 He is a reviewer for several scientific journals and has authored or coauthored scientific publications in biotechnology applied to cereal crops (molecular marker development, gene mapping and tagging and gene expression) mostly focusing on the leaf rust resistance genes of wheat.
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